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ABSTRACT
We present a catalogue of 38 spectroscopically detected strong galaxy-galaxy gravitational lens
candidates identified in the Sloan Digital Sky Survey IV (SDSS-IV). We were able to simulate
narrow-band images for 8 of them demonstrating evidence of multiple images. Two of our systems are
compound lens candidates, each with 2 background source-planes. One of these compound systems
shows clear lensing features in the narrow-band image. Our sample is based on 2812 galaxies observed
by the Mapping Nearby Galaxies at APO (MaNGA) integral field unit (IFU). This Spectroscopic
Identification of Lensing Objects (SILO) survey extends the methodology of the Sloan Lens ACS
Survey (SLACS) and BOSS Emission-Line Survey (BELLS) to lower redshift and multiple IFU
spectra. We searched ∼ 1.5 million spectra, of which 3065 contained multiple high signal-to-noise
background emission-lines or a resolved [O ii] doublet, that are included in this catalogue. Upon
manual inspection, we discovered regions with multiple spectra containing background emission-lines
at the same redshift, providing evidence of a common source-plane geometry which was not possible
in previous SLACS and BELLS discovery programs. We estimate more than half of our candidates
have an Einstein radius & 1.7′′, which is significantly greater than seen in SLACS and BELLS.
These larger Einstein radii produce more extended images of the background galaxy increasing the
probability that a background emission-line will enter one of the IFU spectroscopic fibres, making
detection more likely.
Key words: galaxies: general, gravitational lensing: strong
1 INTRODUCTION
Galaxy-scale strong gravitational lensing provides a unique
probe into the cosmological distribution of matter, providing
† E-mail: michaeltalbot@astro.utah.edu
? E-mail: joelbrownstein@physics.utah.edu
precision measurements of foreground galaxy surface mass
densities from high-resolution lens models of observed multi-
ple images (Kochanek 1995; Keeton et al. 1998; Bolton et al.
2008a,b; Auger et al. 2009, 2010; Brownstein et al. 2012;
Lagattuta et al. 2012; Sonnenfeld et al. 2013; Shu et al.
2016b). When combined with other dynamical mea-
surements, such as stellar kinematics, the mass dis-
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tribution may be dissected into luminous and dark
components (Barnabe` et al. 2009; Dutton et al. 2011;
Spiniello et al. 2011; Barnabe` et al. 2012), including the de-
tection of dark matter substructure within the lensing galax-
ies as well as small-mass dark matter haloes along their
line-of-sight (Vegetti & Koopmans 2009; Vegetti et al. 2010,
2012, 2014; Hezaveh et al. 2016; Cornachione et al. 2018;
Despali et al. 2018).
Dedicated surveys and serendipitous discoveries have
to-date identified over 250 grade-A strong galaxy-galaxy
gravitational lenses1, with foreground galaxy subtractions
which exhibit multiple images of the same background
galaxy with sufficient signal-to-noise to lead to a well-
constrained lens model. Of the various methods, spec-
troscopic detection has proven to be the most successful
means of discovery, with the Sloan Lens ACS (SLACS;
Bolton et al. 2006) survey, the Sloan WFC Edge-on Late-
type Lens Survey (SWELLS; Treu et al. 2011), the SLACS
for the Masses (S4TM; Shu et al. 2015) survey, the BOSS
Emission-Line Lens Survey (BELLS; Brownstein et al. 2012)
and the BELLS Galaxy-Lyα Emitter systems (GALLERY;
Shu et al. 2016a) survey yielding a combined total of over
150 grade-A strong galaxy-galaxy lenses, which were de-
tected from the Sloan Digital Sky Survey (York et al. 2000).
All SDSS spectroscopic candidates required follow-up high-
resolution Hubble Space Telescope (HST) imaging for con-
firmation of multiple background source images.
This manuscript introduces a new Spectroscopic Identi-
fication of Lensing Objects (SILO) survey based on the cur-
rent SDSS-IV survey (Blanton et al. 2017), extending the
spectroscopic detection methods of Bolton et al. (2004) and
Brownstein et al. (2012) to spectra obtained from the Map-
ping of Nearby Galaxies at APO (MaNGA; Bundy et al.
2015) survey. Unlike BOSS and SDSS-I spectra, which were
reduced from single fibres placed on each galaxy, MaNGA’s
Integral Field Unit (IFU; Drory et al. 2015; Yan et al.
2016a) places between 19 and 127 2′′ fibres on each galaxy,
covering a much larger field of view, between 12′′ – 32′′ in
diameter, with 15 minute dithered exposures repeated un-
til the signal-to-noise ratio above a threshold is achieved
(Yan et al. 2016b). MaNGA’s six-year program targets ∼
10, 000 nearby (z < 0.15) galaxies (Law et al. 2015) of which
2,812 galaxies were included in Data Release 14 (DR14;
SDSS Collaboration et al. 2017).
Whereas SLACS, SWELLS and S4TM surveys
were based on SDSS-I galaxies with redshifts out to
0.45 (York et al. 2000; Eisenstein et al. 2001) and BELLS
and BELLS GALLERY surveys were based on SDSS-III
BOSS galaxies with redshifts out to 0.7 (Eisenstein et al.
2011; Dawson et al. 2013), the typical MaNGA target red-
shift is z ∼ 0.05. The majority of the MaNGA targets are se-
lected using i-band absolute magnitude (Mi)-dependent red-
shift cuts such that more luminous galaxies are selected at
both preferentially higher redshift and over a larger volume
than lower luminosity galaxies. The first of theses choices
results in targets that cover the same range in angular ef-
fective radius (Reff) irrespective of Mi, and so all galaxies
can be sampled to some multiple of Reff using the same size
IFUs. The second produces a sample that has the same num-
1 L. Moustakas and J. R. Brownstein: Master Lens Database
ber density at all Mi, i.e. the sample has the same number
of the most luminous (massive) galaxies as the least lumi-
nous (massive) galaxies. Two main samples are defined. The
Primary+ sample is selected so that galaxies have spectral
coverage out to 1.5 Reff and makes up two thirds of the tar-
gets. The Secondary sample, making up the remaining third
of the targets, is selected at slightly higher redshift than the
Primary sample so that the galaxies have spectral coverage
out to 2.5 Reff . Full details of the MaNGA target selection
can be found in Wake et al. (2017).
The discoveries presented in this manuscript are based
on the MaNGA internal MPL-5 data release which contains
the same galaxies as in DR14. Whereas we have fewer galax-
ies in MaNGA than in the earlier lensing spectroscopic dis-
covery programs, we have many more spectra for each in-
dividual galaxy, allowing the SILO detection algorithm to
search for multiple background emission-lines with common
background source redshifts. Furthermore, because the mean
redshift of MaNGA (foreground) galaxies is z ∼ 0.05 with
background galaxy redshifts up to the range of the previous
surveys, the estimated Einstein radius is up to two to three
times larger than those measured in the SLACS, SWELLS,
S4TM, BELLS and BELLS GALLERY surveys. Such large
Einstein radii would not have been possible to detect with
single fibre spectra because the background emission-lines
of the magnified image of the source would have gone unde-
tected since it would have landed outside the single fibre.
The larger Einstein radius is a measurement of the in-
creased gravitational lensing strength, which produces more
extended images of the background galaxy, thereby increas-
ing the probability that a background emission-line will en-
ter one of the IFU spectroscopic fibres, making detection
more likely. This increases the overall probability that a
galaxy of a given mass will be a strong gravitational lens.
The multiple fibres with multiple exposures within the Ein-
stein radius allow a correlation of the spectroscopic detec-
tions with their geometrical position across the IFU bundle.
Using the individual best-fit spectroscopic redshifts of de-
tected background sources, we have extended the SILO al-
gorithm to generate narrow-band images of the background
source-plane, to allow for the first time, experimental pre-
dictions of images prior to follow-up imaging.
Shortly after the first MaNGA data release in
2016 (DR13; Albareti et al. 2017), which included 1,351
galaxies, Smith (2017) reported the discovery of a strong-
lensing candidate, SDSS J170124.01+372258, at zF = 0.122.
We also find this system as a promising lens candidate,
based on our discovery of high signal-to-noise background
emission-lines from a source at zB = 0.790. The multiple
images seen in the narrow-band images are geometrically
positioned at the estimated Einstein radius and clearly show
an arc and a counter-image separated by 3.7± 1.3′′.
This paper is organized as follows. The expected num-
ber of lenses in MaNGA is presented in Section 2. The
spectroscopic candidate discovery is presented in Section 3,
consisting of foreground spectrum modelling (Section 3.1),
background emission-line detection (Section 3.2), Einstein
radius estimation (Section 3.3), and source-plane inspec-
tion, with the discovery catalogue resulting from inspection
(Section 3.4). Lensed image construction, consisting of the
discovery of counter-images in narrow-band images, is pre-
sented in Section 4. Potential compound lenses containing
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two background galaxies along the same line of sight which
were discovered in the catalogue are discussed in Section 5.
We provide a summary of results and conclusions on the im-
portance of the SILO survey’s MaNGA lens discovery pro-
gram in Section 6.
2 EXPECTED NUMBER OF LENSES
We begin by presenting a crude estimate for the number of
gravitational lenses expected to be detected in MaNGA. We
make several simplifying assumptions. For instance, we as-
sume that the lenses will be detected if the [Oii] luminosity
in the source is above a certain flux limit and we ignore the
magnification boost provided by strong lensing. The proba-
bility that a given MaNGA galaxy with velocity dispersion
σv at a redshift zL will act as a lens for a source galaxy with
flux brighter than f is then given by
P (zL, σv, f) =
∫
nS(zS, zL, f)piθ
2
Ein(σv, zL, zS)
dV
dzS
dzS (1)
where nS is the co-moving source number density of [Oii]
galaxies at redshift zS with an observed flux greater than
f (which translates to a luminosity L > 4piD2Lf given the
luminosity distance DL), θEin is the Einstein radius, given
the lens and source redshifts, and dV/dzS is the differen-
tial co-moving volume at redshift zS. We use the Schechter
function fits to the [Oii] luminosity function and its evolu-
tion (Khostovan et al. 2015) to compute nS and interpolate
the redshift ranges in between. The Einstein radius is then
given by
θEin = 4pi
σ2v
c2
DA(zL, zS)
DA(zS)
(2)
where, c is the speed of light, and DA(zL, zS) and DA(zS)
are the angular diameter distances between the lens and the
source, and the source and observer, respectively. We used
a fiducial value of σv ∼ 200 km/s for this coarse estimate.
If we assume the [Oii] flux limit to be 6 ×
10−17erg s−1cm−2A˚
−1
, we arrive at an estimate of ∼ 60
lenses in the entire MaNGA survey. This estimate in-
creases to ∼ 200 lenses if the flux limit is reduced to
10−17erg s−1cm−2A˚
−1
. We have checked that accounting for
the magnification bias changes the prediction by a factor of
order unity. A fuller investigation into the biases of the lens-
ing probability (e.g., Arneson et al. 2012) is in preparation.
3 SPECTROSCOPIC CANDIDATE
DISCOVERY
The premise behind the spectroscopic candidate selection
of Bolton et al. (2004) and Brownstein et al. (2012) was to
search for background emission-lines within the solid angle
covered by the spectroscopic fibre (see also Warren et al.
1996; Hewett et al. 2000; Willis et al. 2005, 2006).
We first summarize our approach for the lens search
here and then describe each step in detail subsequently.
The success of this discovery program hinges on a precise
subtraction of a best-fit foreground galaxy model. Although
there are many residual features remaining in the spectrum
after foreground galaxy subtraction, we limit our search
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Figure 1. The distribution of the mean signal-to-noise (S/N),
shown in black solid-circles with respect to left vertical axis, and
best-fit spectroscopic redshift, shown in open red-circles with re-
spect to the right vertical axis (as explained in Section 3.1) for
each spectrum, plotted as a function of the mean radial posi-
tion (in arc-seconds) from the centre of the galaxy, shown for
SDSS J0836+5402. The high S/N region is inside the mean inner
radius, plotted as a vertical green-dotted line. The mean spectro-
scopic redshift is shown by the horizontal blued-dashed line.
for background emission-lines to high signal-to-noise fea-
tures. We then use an upper limit on the Einstein radius
for each galaxy, in order to determine which of our back-
ground emission-line regions were more likely strongly lensed
images. Furthermore, because the background source-plane
would occur at a common background redshift, and images
of the background galaxy would be localized in a particular
geometrical position in the IFU, a manual inspection pro-
cess is required in order to grade the candidates for the final
catalogue.
3.1 Foreground Galaxy Subtraction
The fact that MaNGA galaxies are observed using the
BOSS Spectrograph (Gunn et al. 2006; Smee et al. 2013)
and that the row-stacked spectra (RSS) files gener-
ated by the MaNGA Data Reduction Pipeline (DRP;
Law et al. 2016) are equivalent to the BOSS and SDSS-
I/II spec2d reductions allows a very similar foreground
galaxy model as was used in the SLACS (Bolton et al.
2006), SWELLS (Treu et al. 2011), S4TM (Shu et al. 2015),
BELLS (Brownstein et al. 2012) and GALLERY (Shu et al.
2016a) spectroscopic discovery programs. Whereas the
BOSS and SDSS-I galaxies were observed with one fibre
yielding a single spectrum containing all of the light from
the galaxy, the MaNGA RSS files contain multiple spec-
tra for each fibre, repeated across multiple exposures, yield-
ing many spectra distributed at different positions over the
galaxy. The wavelength calibration of the MaNGA data is
accurate to 5 km s−1 RMS, with a median spatial resolu-
tion of 2.54′′ FWHM. This allows the candidate background
emission-lines to be spatially correlated, increasing our con-
fidence that the background emission-lines are real.
The galaxy model-fitting template requires a precise
foreground redshift per fibre. Unlike the BOSS and SDSS-
I/II reductions, the MaNGA DRP does not provide spec-
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Figure 2. Example plots of typical multi-line and single-line detections. The black solid-line shows the MaNGA RSS observed flux
density, fλ, as a function of observed (lower axis) and rest-frame (upper axis) wavelengths. The blue dashed-line shows the model
fitted to the continuum of the foreground galaxy, and the red vertical dashed-line shows the wavelength of the discovered background
emission-lines. The green dashed-dotted line shows the Gaussian fits to the background emission-lines.
troscopic redshifts for each fibre. The MaNGA targeting
NASA-Sloan Atlas (NSA; Albareti et al. 2017) catalogue
redshift is insufficiently precise to match each fibre’s red-
shift due to the variations caused by the galaxy’s radial
velocity distribution. For each row (spectrum) in the RSS
file, we computed the best-fit spectroscopic redshift by run-
ning the publicly available BOSS pipeline spec1d – zfind
code (Bolton et al. 2012). Because of the variation in the
signal-to-noise which decreases rapidly from the centre of
the galaxy, we needed to make two passes to get good spec-
troscopic redshifts everywhere possible. The first pass com-
puted spectroscopic redshifts using the provided value of the
NSA catalogue redshift as the starting guess (prior) input to
spec1d – zfind. A mean spectroscopic redshift, z¯spec, was
then computed within the inner high signal-to-noise region,
determined as the minimum radius at which the curvature
became slowly varying as defined by |d2(S/N)/dR2| → 1,
where S/N is the signal-to-noise ratio. Redshifts that were
more than 500 km/s from the mean were neglected as out-
liers. The second pass re-computed the spectroscopic red-
shifts in the low signal-to-noise region using the mean spec-
troscopic redshift as a prior. This method provided good
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Table 1. Emission-Line Wavelengths. Column 1 lists the
emission-lines used in the spectroscopic discovery of background
emission-line sources, and Column 2 shows the restframe vacuum
wavelength of the emission-line. Column 3 provides the maximum
redshift of the emission-line detectable with the BOSS spectro-
graph used by MaNGA.
Emission Restframe zmax
Line Wavelength [A˚]
(1) (2) (3)
O ii 3727.09 1.78
O ii 3729.88 1.78
Hδ 4102.89 1.52
Hγ 4341.68 1.38
Hβ 4862.68 1.13
O iii 4960.30 1.09
O iii 5008.24 1.07
N ii 6549.86 0.58
Hα 6564.61 0.58
N ii 6585.27 0.57
S ii 6718.29 0.54
S ii 6732.68 0.54
spectroscopic redshifts throughout the galaxy, except in a
minority of fibres, as shown in Figure 1, for an example
galaxy, SDSS J083633.11+540229.27, with the mean spec-
troscopic z, shown by the blue-dashed line, very close to the
NSA catalogue redshift,
z¯ = 0.03052 ∼ znsa = 0.03046. (3)
In total, we obtained 1,582,014 good spectroscopic red-
shifts for the spectra of the 2,812 galaxies in MaNGA’s in-
ternal MPL-5 data release. The mean inner spectroscopic
redshift agreed with the NSA catalogue redshift to within
0.001 for 2,750 of the 2,812 galaxies. For each of these spec-
tra, we constructed a best-fit model spectrum to the galaxy
continuum using a basis of 7 principal component analysis
(PCA) eigenspectra, and subtracted this continuum model
from the data. Fibres which were at too low a S/N to yield
a spectroscopic redshift were discarded from consideration
in the search for background emission-lines.
3.2 Background Emission-Line Detection
In order to perform a systematic search for background
emission-lines in each of the & 1.5M residual spectra
described in Section 3.1, we reimplemented the original
idl based algorithms described in Bolton et al. (2004) and
Brownstein et al. (2012) in a python-based software archi-
tecture including a back-end database, and utilized the mar-
vin suite (Cherinka et al. 2017) to access MaNGA data in-
cluding the web to visualize spectra and galaxy maps. Us-
ing a 500 cpu cluster, the residual spectra were scanned for
at least two of the lines listed in Table 1 detected at 4σ;
or a single line identified as a background [O ii]λλ 3727 de-
tected at 6σ. These are the values of the thresholds used in
Bolton et al. (2004) and Brownstein et al. (2012) for these
two detection modes, referred to as “multi-line” and “single-
line” detections, respectively. Decreasing the threshold in-
creases the number of candidate emission-line detections
without necessarily increasing the number of candidates
that pass inspection, whereas increasing the values of these
thresholds decreases the number of candidates.
Detections that contained only an [O ii] doublet were re-
jected if the [O ii] doublet was located in a region near a sky
emission-line. Multi-line detections were modelled using a
Gaussian, and detections that included both [O iii] 5007 and
[O iii] 4959 emission-lines were scanned for a characteristic
∼ 3-to-1 ratio of the flux, respectively. All three multi-line
or greater hits were also visually inspected. Single-line de-
tections were modelled with double Gaussian functions in
order to scan for resolved [O ii] doublets. We inspected 1659
multi-line“hits”and 9762 single-line“hits” that contained ei-
ther the form of an [O ii] doublet, or contained multiple pat-
terns of background emission-lines. Each of these hits were
graded as good. However, a large fraction of the single-line
hits within a particular galaxy are not correlated in either
redshift or spatially across the IFU and therefore drop out
during the source-plane inspection process. Furthermore, de-
tections that were geometrically positioned beyond the esti-
mated strong lensing regime (see Section 3.4) were discarded
as non-candidates.
We provide example plots of some of the multi-line and
single-line detections in Figure 2, showing the flux, best-fit
model, and Gaussian fits, including the observed emission-
lines, as described in Table 2.
As in previous discovery programs (including SLACS
and BELLS), these background emission-line detections pro-
vide compelling evidence that follow-up imaging will confirm
the existence of strong gravitational lenses. But we can go
farther in our inspection than was previously possible with
the single spectroscopic observation of SDSS and BOSS, by
combining an estimate of the Einstein radius, as described
in Section 3.3, with the geometric information with a source-
plane inspection, as described in Section 3.4.
3.3 Einstein Radius Estimation
MaNGA data allows us to use spatial information to clas-
sify our candidate lens systems. For strong lenses with a
density profile close to isothermal, such as SLACS lenses
(Koopmans et al. 2009), we expect strongly lensed images
to lie within a circular region with radius equal to twice
the Einstein radius of the lens. Although the most accurate
measurement of the Einstein radius is derived by fitting a
lens model to high-resolution imaging data, we do not have
a complete set of follow-up imaging for our catalogue to
model. Instead, we estimate the Einstein radius, using:
REin =
√
4GM
c2
DLS
DLDS
(4)
where M is the enclosed mass, and DL and DS are cosmo-
logical angular diameter distances from observer to the lens
and observer to the source, respectively.
The computation of the Einstein radius requires sur-
face mass density maps for the galaxy, which we obtained
from the publicly available MaNGA Firefly value-added cat-
alogue (VAC, Wilkinson et al. 2015) released with SDSS-
IV DR14 (SDSS Collaboration et al. 2017). In this VAC the
input stellar population models of Maraston & Stro¨mba¨ck
(2011) are used, based on the MILES stellar library, with
Kroupa IMF (Kroupa 2001). We computed both a lower
limit and an upper limit for the Einstein radius. For the
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Table 2. Background Emission Line Inspection. This list identifies the background emission-lines that are observed within the examples
presented in Figure 2. Column 1 presents the SDSS System Name. Column 2 identifies the detection mode used for the discovery. Column
3 provides the manual inspection which identifies the observed emission-lines.
System Name Detection Mode Manual Inspection
(1) (2) (3)
SDSS J1123+5111 Multi-line Resolved [O ii] doublet, Hα, Hβ, [N iia], and [S iib].
SDSS J1307+4618 Multi-line Strong [O iiia] and [O iiib] with a characteristic 3:1 ratio.
SDSS J0845+5357 Multi-line Resolved [O ii] doublet, Hα, and N iia.
SDSS J1640+3919 Single-line Resolved [O ii] doublet.
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Figure 3. Distribution of the Einstein radii. The grade A, B, and
C lenses from the SLACS (large hatched region in purple) and the
BELLS (small hatched region in green) surveys are compared with
the Einstein radii of the lens candidates from the SILO survey
(solid blue).
lower limit of the Einstein radius, we computed the stellar
mass enclosed within the lower-bound of the error provided
by Firefly, but added no dark matter. For the upper limit, we
computed the enclosed stellar mass within the upper-bound
of the error provided by Firefly, and included a dark mat-
ter fraction computed using the theoretical model for the
local stellar mass fraction of Jime´nez-Vicente et al. (2015)
at values of the ratio R/Reff , where Reff is the effective ra-
dius from the NSA catalogue. We computed the mass, M ,
enclosed within a distance, R, and the Einstein radius, REin,
iteratively using Equation 4, until we obtained a R = REin
solution.
We compared the distribution of the Einstein radii of
the SILO candidates to the published distribution of the
Einstein radii of the grade A, B, and C lenses in the SLACS
and BELLS surveys. As displayed in Figure 3, the Einstein
radius distributions of the SLACS and BELLS surveys peak
at ∼ 0.6′′ and ∼ 1.0′′, with upper limits up to ∼ 1.8′′ and
∼ 2.2′′, respectively. The distribution of the Einstein radii
for the SILO candidates peaks at ∼ 1.4′′ and ∼ 2.6′′, and
the range extends up to ∼ 3′′.
3.4 Source-Plane Inspection
Whereas the BOSS and SDSS-I galaxies were observed with
one fibre yielding a single spectrum containing all of the light
from the galaxy, each MaNGA galaxy was observed with a
fibre bundle, in which each fibre yielded multiple spectra
from multiple exposures. This allows the candidate back-
ground emission-lines to be spatially correlated, increasing
our confidence that the background emission-lines are real.
In order to determine whether the individual back-
ground emission-line hits discussed in Section 3.2 originated
in a common background source-plane, a finely spaced red-
shift grid (∆z = 0.05) was constructed and the hits for each
galaxy were counted per spacing in the redshift grid. The
background redshift, zB , was selected from one of the good
hits, limited to a precision of 3 decimal places, to allow for
the variation due to internal radial motion of the background
galaxy. Each MaNGA galaxy that contained at least two
good hits in a source-plane was manually inspected to check
for spatial correlation in the emission-line features. Since the
background emission-lines in one hit can often be observed
in surrounding fibres, we also inspected the source-planes
that contained one good hit with three or more multi-lines,
or one good single-line hit within a MaNGA galaxy that
contained another source-plane with at least two good hits.
These search methods identified a total of 1139 good multi-
line and 1926 good single-line hits, for a total of 3065. We
inspected 397 background source-planes that contained at
least two good hits. We inspected an additional 44 source-
planes with a single multi-line hit and 257 source-planes with
a single-line hit.
The following selection criteria were applied to select
the strong-lensing candidates from the source-planes:
• The source-plane contained at least one multi-line hit
with a minimum of three emission-lines, or
• Each source-plane contained at least two (single-line or
multi-line) hits, or
• The source-plane contained at least one (single-line or
multi-line) hit with additional evidence of low S/N emission-
lines that are correlated with the source-plane redshift, and
are contained within fibres that are positioned near the hit.
• The source-plane contained at least one background
emission-line detected at a position within twice the upper
limit of the Einstein radius.
We made an exception for system SDSS J0733+4411,
SDSS J0825+1728, and SDSS J1307+4618, since each dis-
played well formed lensing features (see Section 4). After
applying these selections, we found 36 promising candidates
out of which 2 showed evidence for compound lensing with
multiple source-planes (see Section 5). This final sample is
presented in Table 3.
Figure 4 provides two-dimensional plots of each of these
36 candidate lenses, showing each of the above selection
criteria including the positions of the high signal-to-noise
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Table 3. Candidate Strong Gravitational Lenses. This is the list of strong gravitational lens candidates, discovered in Section 3.2 that
further demonstrated background emission-lines at a common redshift (source-plane) within the strong lensing regime as discussed in
Section 3.4. Column 1 provides the SDSS System Name in terms of truncated J2000 RA and Dec in the format HHMMSS.ss±DDMMSS.s.
A dagger represents if the candidate is displayed as a narrow-band image within this paper. Column 2 provides the Plate-IFU of the
galaxy observation. Column 3 provides the foreground spectroscopic redshift defined as the mean inner spectroscopic redshift, zF = z¯spec,
as described in Section 3.1. Column 4 provides the spectroscopically detected background emission-line source redshift, zB, computed
as described in Section 3.4. Column 5 provides the NSA Sersic effective radius. Column 6 provides the Einstein radius with upper and
lower limits. Column 7 provides the number of good background emission-line hits identified within the common source-plane. For those
source-planes with only a single hit, we distinguish the case from one multi-line hit (identified by a †) from the case of one single-line
hit (identified by *). Column 8 provides the ratio of the radial distance of a source-plane image’s detectable edge to the estimated upper
limit of the Einstein radius.
System Name Plate–IFU zF zB Reff [
′′] REin [′′] Hit No. R/R
Upper
Ein
(1) (2) (3) (4) (5) (6) (7) (8)
SDSS J034957.70+000427.60 8086–6101 0.13155 0.669 5.13 1.20+0.40−1.02 3 0.80
SDSS J035725.22-052514.40 8728–3704 0.06405 0.202 7.54 2.32+0.29−1.59 20 0.73
SDSS J072816.98+400502.78 8131–6102 0.04956 0.694 12.34 2.74+0.13−1.56 1
† 1.12
SDSS J072816.98+400502.78 8131–6102 0.04956 0.954 12.34 2.77+0.19−1.57 1
∗ 0.67
SDSS J073325.27+441111.32† 8133–6101 0.05558 0.778 5.4 0.23+0.00−0.06 1
∗ 9.70
SDSS J074752.22+432300.60 8137–6104 0.11144 0.863 11.65 1.13+0.06−0.98 1
† 2.39
SDSS J075106.24+472000.07 8714–6103 0.07885 0.778 10.65 2.13+0.21−1.38 1
† 0.15
SDSS J082117.33+252930.73 8939–6103 0.09487 1.165 8.13 2.09+0.25−1.35 2 0.77
SDSS J082519.86+172855.36† 8241–3701 0.08898 0.800 4.64 1.20+0.43−1.04 2 4.13
SDSS J083633.11+540229.27 8243–12703 0.03052 0.482 25.68 0.76+0.37−0.62 60 0.88
SDSS J084531.60+535732.41 8243–3704 0.03083 0.228 4.76 0.73+0.03−0.56 51 1.03
SDSS J090138.81+274002.83 8987–12701 0.14375 0.388 11.77 0.20+0.32−0.06 24 2.25
SDSS J102726.54+375237.35 8568–9102 0.09802 0.304 7.13 0.74+0.40−0.55 1
† 1.80
SDSS J105953.06+500054.72 8948–12702 0.02571 1.100 24.74 0.75+0.38−0.53 2 0.49
SDSS J110602.37+431024.50 8255–6101 0.05837 0.789 5.55 0.75+0.40−0.54 4 0.44
SDSS J110814.21+433729.34 8255–6104 0.07561 0.382 10.52 1.88+0.26−1.36 31 1.50
SDSS J112034.12+464928.22† 8946–9102 0.05355 0.713 13.82 2.60+0.16−1.86 1
∗ 0.69
SDSS J112312.82+511109.19† 8947–6104 0.04865 0.165 10.22 1.85+0.06−1.13 2 1.91
SDSS J112312.82+511109.19† 8947–6104 0.04865 0.264 10.22 2.27+0.08−1.50 22 2.13
SDSS J112907.67+213509.63 8450–12704 0.04557 0.449 12.37 2.57+0.16−1.81 3 1.18
SDSS J130701.21+461833.95† 8318–1901 0.02451 0.141 3.83 0.18+0.00−0.04 3 6.09
SDSS J131826.10+471323.40 8319–12701 0.05711 0.222 13.21 1.23+0.38−0.99 28 0.85
SDSS J143607.49+494313.22† 8595–6101 0.12538 1.231 3.69 2.59+0.35−1.84 2 0.63
SDSS J144835.21+512308.07 8592–12705 0.13151 0.433 8.66 0.79+0.38−0.62 21 1.27
SDSS J153101.12+285253.59 9042–3701 0.08275 0.751 9.29 2.79+0.14−1.19 2 1.76
SDSS J154014.39+483529.51 8485–6104 0.06582 0.487 4.75 0.75+0.41−0.57 17 1.11
SDSS J154307.00+390904.85 8315–6104 0.06382 0.258 11.35 1.25+0.39−1.01 4 2.07
SDSS J161711.62+495751.83 8482–12701 0.05739 0.826 15.78 1.86+0.40−1.34 1
∗ 0.82
SDSS J162332.75+390715.95 8604–12701 0.03505 0.250 23.61 0.75+0.41−0.57 4 0.79
SDSS J162526.09+395214.51† 8550–12701 0.02907 0.994 14.8 1.15+0.06−0.97 3 1.71
SDSS J162737.71+423817.63 9029–3703 0.03107 0.709 7.58 1.70+0.23−1.18 2 1.92
SDSS J162920.74+394913.43 8602–1901 0.02608 0.923 4.83 1.23+0.04−1.04 2 1.23
SDSS J164028.01+391912.42 8588–6102 0.03005 0.962 10.76 2.58+0.18−2.06 3 1.09
SDSS J164943.29+385221.78 8612–6103 0.06150 0.290 12.58 2.37+0.25−1.22 25 1.83
SDSS J170007.17+375022.21 8606–12701 0.06330 0.797 25.2 1.19+0.04−0.96 6 0.54
SDSS J170124.01+372258.09† 8606–6102 0.12167 0.790 11.15 1.91+0.34−1.18 30 0.37
SDSS J173042.33+563821.79 8626–3701 0.02938 0.797 6.68 0.73+0.02−0.55 1
∗ 0.78
SDSS J221101.52+122227.49 7977–6102 0.06139 0.775 12.06 1.86+0.28−1.34 1
∗ 1.80
emission-line hits, and the location of the manually con-
firmed evidence of low S/N emission-lines from the back-
ground source. The plots also show the upper limit of the
Einstein radii and the colour-scale of the square markers in-
dicates the gravitational lensing convergence, computed as
κ = Σ/Σcr, (5)
in order to indicate the strong lensing regime where κ & 1,
where Σ is the surface-mass density determined from the
MaNGA Firefly VAC discussed in Section 3.3, and
Σcr =
c2
4piG
DS
DLDLS
(6)
is the critical surface-mass density.
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Figure 4. Plots of background emission line hits for each SILO candidate. The positions of the hits are shown with cyan numbers
representing the good hit count, and the cyan triangles show the location of the manually confirmed evidence of low S/N background
emission-lines. The inner and outer radii of the cyan circle represent the lower and upper limits of the Einstein radius. The green coloured
circle represents twice the upper limit of the Einstein radius, and thus the upper limit of the strong lensing regime. The value of the
gravitational lensing convergence, κ = Σ/Σcr, according to Equation 5, is plotted with squares with respect to the colour-bar scale. An
image of the foreground galaxy is underlaid for the purpose of visual orientation, including a 5′′ ruler at the top-left. The pink hexagon
displays the field of view within the MaNGA IFU. This figure is continued.
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Figure 4. Continued. Plots of background emission line hits for each SILO candidate. The positions of the hits are shown with cyan
numbers representing the good hit count, and the cyan triangles show the location of the manually confirmed evidence of low S/N
background emission-lines. The inner and outer radii of the cyan circle represent the lower and upper limits of the Einstein radius. The
green coloured circle represents twice the upper limit of the Einstein radius, and thus the upper limit of the strong lensing regime. The
value of the gravitational lensing convergence, κ = Σ/Σcr, according to Equation 5, is plotted with squares with respect to the colour-bar
scale. An image of the foreground galaxy is underlaid for the purpose of visual orientation, including a 5′′ ruler at the top-left. The pink
hexagon displays the field of view within the MaNGA IFU. This figure is continued.
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Figure 4. Continued. Plots of background emission line hits for each SILO candidate. The positions of the hits are shown with cyan
numbers representing the good hit count, and the cyan triangles show the location of the manually confirmed evidence of low S/N
background emission-lines. The inner and outer radii of the cyan circle represent the lower and upper limits of the Einstein radius. The
green coloured circle represents twice the upper limit of the Einstein radius, and thus the upper limit of the strong lensing regime. The
value of the gravitational lensing convergence, κ = Σ/Σcr, according to Equation 5, is plotted with squares with respect to the colour-bar
scale. An image of the foreground galaxy is underlaid for the purpose of visual orientation, including a 5′′ ruler at the top-left. The pink
hexagon displays the field of view within the MaNGA IFU. This figure is continued.
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Figure 4. Continued. Plots of background emission line hits for each SILO candidate. The positions of the hits are shown with cyan
numbers representing the good hit count, and the cyan triangles show the location of the manually confirmed evidence of low S/N
background emission-lines. The inner and outer radii of the cyan circle represent the lower and upper limits of the Einstein radius. The
green coloured circle represents twice the upper limit of the Einstein radius, and thus the upper limit of the strong lensing regime. The
value of the gravitational lensing convergence, κ = Σ/Σcr, according to Equation 5, is plotted with squares with respect to the colour-bar
scale. An image of the foreground galaxy is underlaid for the purpose of visual orientation, including a 5′′ ruler at the top-left. The pink
hexagon displays the field of view within the MaNGA IFU. This figure is continued.
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Figure 4. Continued. Plots of background emission line hits for each SILO candidate. The positions of the hits are shown with cyan
numbers representing the good hit count, and the cyan triangles show the location of the manually confirmed evidence of low S/N
background emission-lines. The inner and outer radii of the cyan circle represent the lower and upper limits of the Einstein radius. The
green coloured circle represents twice the upper limit of the Einstein radius, and thus the upper limit of the strong lensing regime. The
value of the gravitational lensing convergence, κ = Σ/Σcr, according to Equation 5, is plotted with squares with respect to the colour-bar
scale. An image of the foreground galaxy is underlaid for the purpose of visual orientation, including a 5′′ ruler at the top-left. The pink
hexagon displays the field of view within the MaNGA IFU.
4 NARROW-BAND LENSED IMAGE
CONSTRUCTION
Since the candidates have a spectroscopically determined
background redshift, provided by zB as listed in Table 1, we
are able to construct narrow-band images from the spectra.
Although we do not generally have sufficient spatial resolu-
tion to identify gravitational lensing counter-images in all of
the narrow-band images, we did serendipitously find some
examples based on the following technique:
Using the background spectroscopic redshifts in Sec-
tion 3.2, we are able to construct narrow-band images
around specific background emission-lines. In order to obtain
smooth maps, we used the MaNGA DRP Cube files, which
provided interpolated spectra for each spaxel (Law et al.
2016). To subtract the flux of the foreground galaxy, we fit-
ted a model for each spaxel using the same method described
in Section 3.1. We summed each spaxel’s residual flux within
4–8 A˚ within the wavelengths of the [O ii], [O iiia], and
Hα background emission-lines. The two-dimensional maps
of these combined narrow-band background emission-lines
are plotted in Figure 5.
For most galaxies, the counter-image is near the fore-
ground galaxy core. Although we have subtracted the fore-
ground flux from the narrow-band images, the error in the
residual flux is larger near the centre where the foreground
is brightest whereas the counter-image is faint. Therefore,
the chances to observe evidence of counter-images is small.
Despite the challenges, we discovered 8 candidates with
counter-images shown in Figure 5. One of these systems,
shown in Panel (4), is a compound lens candidate with 2
background source-planes, as further discussed in Section 5.
For each galaxy in Figure 5 we indicate the positions
(with cyan circles) of the high S/N detected background
emission-lines that were visually inspected, as described in
Section 3.4. We manually inspected the source-plane for
emission-lines that were otherwise too weak to be detected
in the initial search, shown with magenta crosses in each
spaxel.
Although there are several sources of uncertainty in the
construction of the narrow-band images, and follow-up imag-
ing is required to confirm our interpretation, we observe the
following lensing features, as described in Table 4.
5 CANDIDATE MULTIPLE SOURCE-PLANE
LENSES
Two of our candidate lenses show high signal-to-noise
background emission-lines from distinct background source
planes:
• SDSS J0728+4005 listed in Table 3 with foreground
redshift zF = 0.04956, and shown in Panels 3a and 3b of
Figure 4, with background redshifts zB = 0.694 and zB =
0.954,
• SDSS J1123+5111 listed in Table 3 with foreground
redshift zF = 0.04865, and shown in Panels 17a and 17b of
Figure 4 and Panel 4 of Figure 5, with background redshifts
zB = 0.165 and zB = 0.264.
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Figure 5. Images of galaxies that show strong lensing features in narrow-band images. The left panel shows the foreground galaxy
(MaNGA target) produced by the MaNGA Data Reduction Pipeline (DRP; Law et al. 2016). The pink hexagon displays the field of
view within the target IFU. The right panel shows the narrow-band image created by combining the flux of the [O ii], [O iiia], and Hα
emission-lines within a ±4A˚ – ±8A˚ window at the redshift of the background source-plane, as described in Section 4. High signal to noise
detections are marked with cyan circles, and are likely images of background galaxies. Spaxels that show low S/N images or counter-
images are marked with magenta crosses, and add support of strong lensing because they are in the same source-plane. Each panel
displays a 5′′ ruler at the top-left. The foreground and background redshifts are shown at the bottom-left and bottom-right, respectively.
Panel (4) SDSS J1123+5111 is a possible compound lens, with two source-planes.
The discovery of such systems is very rare but also of
great scientific value due to having multiple Einstein radii to
probe the mass distribution at distinct positions within the
halo. Since the Einstein radius is a function of the angular
diameter distance and the mass enclosed within the Ein-
stein radius, these systems provide novel constraints on the
total mass density profile of the lens (Sonnenfeld et al. 2012;
Collett & Auger 2014). The ratio of Einstein radii in multi-
ple source-plane lenses is sensitive to cosmological parame-
ters, but independent of the Hubble constant (Collett et al.
2012). Our candidates do not have optimal redshift configu-
rations for constraining dark energy models with a constant
equation of state, but they are potentially exciting probes of
more complicated models of dark energy since low redshift
compound lenses have a unique sensitivity to variations in
the dark energy equation of state (Linder 2017).
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Figure 5. Images of galaxies that show strong lensing features in narrow-band images. The left panel shows the foreground galaxy
(MaNGA target) produced by the MaNGA Data Reduction Pipeline (DRP; Law et al. 2016). The pink hexagon displays the field of
view within the target IFU. The right panel shows the narrow-band image created by combining the flux of the [O ii], [O iiia], and Hα
emission-lines within a ±4A˚ – ±8A˚ window at the redshift of the background source-plane, as described in Section 4. High signal to noise
detections are marked with cyan circles, and are likely images of background galaxies. Spaxels that show low S/N images or counter-
images are marked with magenta crosses, and add support of strong lensing because they are in the same source-plane. Each panel
displays a 5′′ ruler at the top-left. The foreground and background redshifts are shown at the bottom-left and bottom-right, respectively.
Panel (4) SDSS J1123+5111 is a possible compound lens, with two source-planes.
Table 4. Narrow-band Inspection. This list identifies the strong lensing features observed within the narrow-band images from Figure 5.
Column 1 presents the SDSS System Name. Column 2 provides the manual inspection which identifies the strong lensing features.
System Name Manual Inspection
(1) (2)
SDSS J0733+4411 Possible ring.
SDSS J0825+1728 Possible quad.
SDSS J1120+4649 Image with a isolated counter-image.
SDSS J1123+5111
Candidate compound lens with two background source planes: Image with a visible counter-image of an extended
source, and a higher redshift image with a visible counter-image.
SDSS J1307+4618 Multiple images.
SDSS J1436+4943 Image with a isolated counter-image.
SDSS J1625+3952 Image with a isolated counter-image of high redshift background galaxy.
SDSS J1701+3722 Image with a isolated counter-image, confirming Smith (2017).
6 SUMMARY AND CONCLUSIONS
We introduced the Spectroscopic Identification of Lensing
Objects (SILO) survey, and presented a catalogue of 38
strong gravitational lens candidates discovered within the
2812 MaNGA galaxies released with SDSS-IV DR14, of
which 8 have Grade-A lensing features visible in narrow-
band images of the background source-plane. Out of the ∼
1.5 million MaNGA fibres, 698 exhibit background emission-
lines above a threshold signal-to-noise ratio allowing a par-
tial reconstruction of the source-plane geometry. Two of
these systems are compound lens candidates, one of which
demonstrates lensing features visible within the narrow-
band image.
These SILO candidates complement previous SLACS,
Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty653/4925911
by University of Portsmouth Library user
on 23 March 2018
Strongly Lensed Galaxies Discovered in MaNGA 15
SWELLS, S4TM, BELLS, and BELLS GALLERY lenses
by exploring the population of galaxies at smaller distances
and larger Einstein radius. Follow-up imaging of these candi-
dates could potentially confirm our interpretation of the de-
tected background emission-lines within our estimated Ein-
stein radii as strongly lensed images of more distant galaxies.
Combined with the stellar density maps, the lens mod-
els we obtain from follow-up imaging would generate mass
profile parameters at positions with smaller R/Reff than cur-
rently available. These additional constraints at small scales
can be used to break the degeneracy between luminous and
dark matter that currently plagues dynamical studies, and
shed light on the bulge-halo conspiracy (Treu et al. 2006;
Dutton & Treu 2014; Shankar et al. 2017). Lenses with a
low R/Reff ratio are particularly useful to obtain estimates
(and possibly gradients) of the stellar initial mass function in
the inner regions of massive galaxies, where the mass budget
is dominated by the baryons (see e.g. Newman et al. 2017;
van Dokkum et al. 2017).
Because the SILO survey extends the spectroscopic
discovery method of Bolton et al. (2006); Brownstein et al.
(2012) to multiple IFU spectra, a follow-up imaging survey
would provide validation of the source-plane distribution of
lensing features and narrow-band images which were used
in the manual inspection process. This would allow us to re-
fine our catalogue grading procedure. A further extension of
the spectroscopic discovery method to include high-redshift
Lyman-α emitter source galaxies, following the procedure
of the BELLS GALLERY survey (Shu et al. 2016a), can be
expected to increase the number of candidate lenses. Since
MaNGA will observe a total of 10,000 galaxies during SDSS-
IV, we expect a large database of background emission-lines,
from which a catalogue of confirmed strong gravitational
lenses would be constructed, which would ultimately be of
great significance to many future studies.
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